Sialic acid acetylesterase (SIAE) removes acetyl moieties from the carbon 9 and 4 hydroxyl groups of sialic acid and recently a debate has been opened on its association to autoimmunity. Trying to get new insights on this intriguing enzyme we have studied siae in zebrafish (Danio rerio). In this teleost siae encodes for a polypeptide with a high degree of sequence identity to human and mouse counterparts. Zebrafish Siae behavior upon transient expression in COS7 cells is comparable to human enzyme concerning pH optimum of enzyme activity, subcellular localization and glycosylation. In addition, and as already observed in case of human SIAE, the glycosylated form of the enzyme from zebrafish is released into the culture media. During embryogenesis, in situ hybridization experiments demonstrate that siae transcript is always detectable during development, with a more specific expression in the central nervous system, in pronephric ducts and liver in the more advanced stages of the embryo development. In adult fish an increasing amount of siae mRNA is detectable in heart, eye, muscle, liver, brain, kidney and ovary. These results provide novel information about Siae and point out zebrafish as animal model to better understand the biological role(s) of this rather puzzling enzyme in vertebrates, regarding immune system function and the development of central nervous system.
Introduction
Sialic acids (NeuAc) play pivotal roles in functions of glycoconjugates (Varki 2008; Schauer 2009 ) and among the great structural diversity of this acidic sugar, O-acetylation at the hydroxyl group of carbon C9 is the most frequent modification (Mandal et al. 2015) . Amid the variety of biological phenomena involving these acetylated forms of NeuAc (Mandal et al. 2015) , one of the most relevant regards human B cell differentiation (Wipfler et al. 2011 ) and autoimmunity . In this perspective, the balance between synthesis and degradation of O-acetylated NeuAc, performed by sialic acid O-acetyltransferase, SOAT (encoded by the CASD1 gene) and sialate O-acetylesterase (SIAE), respectively, represents an important regulation point in the complex network of NeuAc biological functions (Mandal et al. 2015) . SIAE (EC 3.1.1.53) is widely diffused in nature, with 193 genes encoding this enzyme identified in vertebrates (http://www.ncbi.nlm.nih.gov/gene). The presence of conserved residues and functional data, including the use of inhibitors (Schauer et al. 1988) , allowed the classification of SIAE enzyme(s) as serine esterases, belonging to a super family of hydrolases with more than nine thousand members (see for details UniProt KW-0719). No 3D structures are available for SIAE enzymes from higher organisms, whereas detailed studies have been carried out on microbial esterases acting on sugar residues (Pfeffer et al. 2013) , on a SIAE from Escherichia coli (Rangarajan et al. 2011 ) and on viral SIAE like from influenza C-, corona-and toro-virus (Herrler and Klenk 1991; de Groot 2006) .
Siae mutant mice have been generated by deleting exon 2 on the Siae gene on a C57BL/6 background. Siae Δex2/Δex2 homozygous mutant mice showed lack of esterase activity, enhanced B cell receptor (BCR) activation, defects in peripheral B cell development, presence of autoantibodies against chromatin and developed glomerular deposits of immune-complexes (Cariappa et al. 2009 ). The results of this study suggest that SIAE deacetylates α(2-6) linked sialic acid on N-linked glycans of BCR, allowing the interaction with CD22, a cell surface protein that functions in vivo as an inhibitor of BCR signaling (Pillai et al. 2012) . On the contrary, in SIAE-deficient mice this inhibitory function is lost, leading to aberrant activation of BCR, therefore autoimmunity. In a more recent study a novel line of SIAE-deficient mice has been generated using an embryonic stem cell clone bearing a gene-targeted allele of Siae . Surprisingly this mutant mouse lacked the immunological phenotype previously reported for Siae
Δex2/Δex2
. In a re-evaluation of the Siae Δex2/Δex2 line, Mahajan et al. found that the defects in B cell development were not linked to Siae, but instead to a mutation in a gene encoding a guanine nucleotide exchange factor, Dock2 that most likely was introduced in the Siae Δex2/Δex2 line during back-crossing into a C57BL/6 background harboring the Dock2 dysfunctional allele. Clearly, these data fail to link SIAE deficiency to an altered immune response in the mouse. Although number of studies provide links between rare sequence variants of SIAE and human autoimmune disease (Surolia et al. 2010; Gan et al. 2012; Hirschfield et al. 2012; Chellappa et al. 2013; Yamamoto et al. 2014) , their significance should be assessed in more depth. A recent study on almost 70,000 individuals of European ancestry indicates that rare and functional SIAE variants are not associated with autoimmune disease risk (Hunt et al. 2012) , pointing out the challenges of associating low frequency variants with complex traits and disease. Nevertheless, a study demonstrates that both SIAE and SOAT activities are involved in the tuning of the enhanced expression level of 9-O-acetylated sialic acid in lymphoblasts that represent a typical hallmark of acute lymphoblastic leukemia (Mandal et al. 2012) .
More recently, our group combined in silico characterization, phylogenetic analysis and homology modeling with cellular studies in COS7 cells obtaining new pieces of information on the biology of human SIAE (Orizio et al. 2015) . Briefly, genomic and phylogenetic analysis demonstrated that the long isoform, originally referred to as lysosomal enzyme (Varki et al. 1986 ) is the prevalent one in most human tissues. Homology modeling approach allowed the prediction of a SIAE 3D model and site-directed mutagenesis experiments assigned the residues involved in catalysis. SIAE transient expression demonstrated that the protein is active in vitro as an esterase with a pH optimum of 8.4-8.5 and it is glycosylated. Glycosylation influences the enzyme activity and is essential for release of SIAE into the culture medium. Consistent with the previous findings, SIAE is detectable in membrane-delimited structures corresponding to endoplasmic reticulum and Golgi complex. Thus, in COS7 cells SIAE behaves as a typical secreted enzyme and in the extracellular space could act on 9-O-acetylated sialic acid residues, giving its contribution to the fine tuning of the functions played by this negatively charged sugar. Using these results as a starting point, we here describe the study of SIAE in Danio rerio (zebrafish). Zebrafish is a small fresh water teleost originally living in the Himalayan region and recently has become an important and widely used vertebrate model organism in scientific research (Lieschke and Currie 2007; Westerfield 2007; Howe, Bradford, et al. 2013) . Danio rerio siae encodes for a protein with a high degree of sequence identity to human and mouse counterparts. Siae behavior upon expression in COS7 cells is comparable to human enzyme pH optimum, subcellular localization, glycosylation and release into the culture media. During embryo development in situ hybridization experiments demonstrate that siae transcripts are always detectable during all stages of development, with a more specific expression in the central nervous system, in pronephric ducts and liver in the more advanced stages of the embryogenesis. In adult fish siae is more expressed in brain, kidney and ovary, although its transcript is detectable in heart, eye, muscle and liver as well. These results provide novel information about Siae and point out zebrafish as animal model to better understand the biology of this enzyme.
Results
In silico analysis of D. rerio siae gene
The Gene and HomoloGene databases at NCBI (Coordinators 2015) indicate the presence of a single zebrafish putative ortholog of the human SIAE gene. The zebrafish siae gene spans 15,879 bp, is organized 10 exons as the human and mouse counterparts and is located on chromosome 18 at position 36.601.807-36.617.685 as reported in in the UCSC Genome Browser (GRCz10/danRer10 genome assembly). The analysis of several genomic databases did not evidence the presence of transcript variants encoding for different protein isoforms (data not shown). The RefSeq siae gene transcript (NM_001,044,331) is 2275 bp long and encodes a protein of 509 aa (NP_001,037,796) with 50% identity and 65% sequence similarity to the human counterpart. A multiple sequence alignment among D. rerio, Homo sapiens and Mus musculus SIAE polypeptides is shown in Figure S1 .
The analysis of the chromosomal regions surrounding the human and zebrafish genes, carried out using the Synteny Database (Catchen et al. 2009 ), allowed to identify conserved synteny between the human chromosome 11 region harboring the SIAE gene and D. rerio chromosome 18 region where the putative ortholog is located ( Figure S2 ). A single SIAE gene is present in the additional nine rayfinned fishes considered in the Ensembl gene tree analysis, except for Stickleback (Gasterosteus aculeatus) that presents two gene paralogs (data not shown). RNA-Seq data from the Wellcome Trust Sanger Institute Zebrafish Transcriptome Sequencing Project (Collins et al. 2012) evidence the presence of RNA-Seq reads at all developmental stages analyzed, including 2-cell stage embryos, indicating that the gene is maternally expressed. A similar study carried out by RNA-seq of nine different stages of embryonic development of the zebrafish (Howe, Clark, et al. 2013) shows that the expression of siae is higher in the early embryonic stages until gastrulation, then it decreases at later stages of development ( Figure S3 A).
Siae expression during zebrafish development and in adult tissues
To explore the spatial distribution of zebrafish siae transcripts during embryogenesis, WISH (Whole-Mount In Situ Hybridization) was performed with a digoxigenin-UTP-labeled probe from the early stages of development up to 48 hpf (hours post fertilization) (Figure 1) . To assess the specificity of hybridizations, sense probe was used in parallel and under the same experimental conditions; no staining was detected in any embryo at all developmental stages analyzed (data not shown). Ubiquitous expression of siae was observed at high levels throughout early embryogenesis stages (one-cell stage) to the shield stage (shortly after onset of gastrulation, Figure 1A -D), thus confirming the maternal origin of siae. During somitogenesis, at 15 somites ( Figure 1E ) siae displayed a strong expression in the rostral and caudal part of the embryo. At 22 somites ( Figure 1F and G) a more specific expression pattern appeared in the rostral part of the embryo in the developing central nervous system (CNS) and later (22 hpf) in defined brain structures such as hindbrain, midbrain and midbrain-hindbrain boundary ( Figure 1H ). At 24 hpf siae continued to be mainly expressed in the CNS but it also appears in parallel strikes defined as pronephric ducts ( Figure 1I and J). At 48 hpf the specific and restricted expression is maintained in the CNS but the transcript is present also in the liver ( Figure 1K ). We evaluated by quantitative RT-PCR the expression of siae in adult tissues. Gene transcript appeared to be particularly expressed in ovary, followed by kidney and brain and, although at low levels, as well as in liver, muscle, eye and heart ( Figure S3B ). These data agree with the approximate expression patterns inferred from ESTs and available from the UniGene db (https://www.ncbi.nlm.nih.gov/unigene) (not shown).
Expression, biochemical characterization and processing of Siae in COS7 cells
The complete coding sequence of zebrafish siae gene (NM_001,044,331.1, 1530 bp) was cloned from ovarian cDNA into the expression vector pMT21 (pMT21-Siae), thus allowing the expression of Siae in frame with the c-myc epitope at the C-terminus of the protein. pMT21-Siae construct was used to transiently transfect COS7 cells. Cells and media were collected 48 h post transfection and immediately processed for enzymatic activity assay.
First, cell extracts were used to determine Siae pH optimum using already described conditions (Orizio et al. 2015) . Below pH 5.7 enzymatic activity was almost negligible; by increasing the pH to alkaline values, Siae activity reached its maximum value at pH 8.7, followed by a drastic decrease at pH 9 with a residual activity of 32.8% ( Figure 2A ).
We also tested the optimal conditions for the enzymatic assay at 25°C and found a linear correlation between hydrolysis of the substrate and amount of protein added to the assay up to 10 μg of cell extract and up to 60 minutes of incubation ( Figure S4 ). Thus, all further experiments were carried out using 5 μg of protein incubated for 30 min at 25°C. Under these experimental conditions, transfected cells showed a specific activity corresponding to 10.017 ± 0.023 mU/mg, 5.04-fold higher compared to not transfected cells.
Finally, we estimated the kinetic parameters for Siae: under our experimental conditions ( Figure 2B ) we found Vmax and Km values corresponding to 14.551 ± 3.361 mU/mg and 0.129 ± 0.0096 mM, respectively.
Using Western-blot, we also analyzed the expression of Siae both in cell extracts and media. In the cell extracts of transfected COS7 cells we detected two distinct specific immunoreactive bands ( Figure 3A , lower panel, lane 2), one with an apparent molecular weight of 55 kDa and corresponding to the predicted molecular weight of Siae myc without the signal peptide, and a second band with an apparent molecular weight of 66 kDa. Notably, in the cell media of transfected cells only the high molecular weight form of Siae myc can be detected ( Figure 3B , lower panel). Noteworthy, at least using our experimental model (i.e., COS7 cells transfected with pMT21-Siae construct), the total amount of enzyme detectable inside the cells is less than the 10% of the total amount detectable in culture media (not shown).
To investigate whether the high molecular weight band detected by Western-blot in cell extracts and media could represent a glycosylated form of Siae, 24 h posttransfection COS7 cells were treated with the glycosylation inhibitor tunicamycin, grown for further 24 h and then harvested. In these conditions a significant decrease in the relative intensity of the 66 kDa band in favor of the 55 kDa band was detected in cell extracts ( Figure 3A , lower panel, lane 3), suggesting that the high molecular weight form of the protein is the result of a N-glycosylation process. Of note is the finding that a residual enzymatic activity, corresponding to nearly 60% of the nontreated cells, is still detectable ( Figure 3A , upper panel), supporting the notion that N-glycosylation does not strictly hamper the enzyme catalytic efficiency, at least using pNPA as substrate. A significant reduction of the intensity of the 66 kDa band was detected also in the media of transfected cells treated with tunicamycin which correlates with a similar reduction in the enzymatic activity measured in the media ( Figure 3B ). Overall, these data demonstrate that glycosylation is required for Siae secretion into the media.
Subcellular localization of Siae transiently expressed in COS7 cells
To study the subcellular distribution of the zebrafish enzyme in transiently expressed in COS7 cells we performed co-localization experiments between the myc-tagged Siae protein and three endogenous markers of subcellular compartments: PDI for endoplasmic reticulum (ER), GM130 for Golgi apparatus, and LAMP1 for lysosomes.
Laser confocal microscopy analysis revealed a reticular and vesicular distribution of siae (Figure 4) . In detail, a significant co-localization was found between Siae and PDI indicating that the protein is synthesized in the ER ( Figure 4A , zoom-in). Siae partially colocalizes with the Golgi marker GM130, confirming that the protein is glycosylated and follows the secretory pathway ( Figure 4B , zoom-in). Finally, the absence of co-localization between Siae and the lysosomal marker LAMP1 excludes the lysosomal nature of siae ( Figure 4C , zoom-in).
Discussion SIAE deserves great interest in glycobiology because of its role in a variety of important biological events, although several enzyme features remain rather puzzling (Mandal et al. 2015) . Here we describe the first characterization of siae gene and enzyme in D. rerio, one of the most powerful vertebrate animal model for the study of gene functions and human diseases (Lieschke and Currie 2007; Ingham 2009 ).
The analysis of zebrafish genome reveals a single copy of siae gene on chromosome 18 and conserved synteny with human chromosome 11 ( Figure S2 ). In silico expression analysis of siae during embryo development and in adult tissues, based mostly on RNA-Seq and zebrafish EST sequences present in dbEST, reveals a widespread but not uniform expression of the gene and the presence of one main transcript isoform encoding for a 509 amino acids polypeptide. The Siae protein shows a high degree of identity with the human and mouse counterparts, with a numbers of amino acid blocks conserved along the primary structure ( Figure S1 ). Siae sequence analysis reveals the presence of several possible N-and Oglycosylation sites as already evidenced in the human form (Orizio et al. 2015) . WISH experiments carried out during zebrafish embryogenesis allowed the exploration of siae transcript spatio-temporal distribution. Briefly, the expression of siae in the first hours of embryo development prior to activation of the zygotic genes indicates the maternal origin of the transcripts. At the beginning of somitogenesis, siae shows high expression in the rostral and caudal part of the embryo, together with a more restricted expression pattern at the level of the developing CNS, namely hindbrain, midbrain and midbrain-hindbrain boundary. Later in development (24 hpf), siae transcript also appears in pronephric ducts and in the liver (48 hpf). Quantitative RT-PCR experiments in adult zebrafish tissues evidence the presence of siae transcripts in ovary, kidney and brain and, in lower amount, in liver, muscle and eye. Overall, these results agree with our in silico gene expression analysis.
Transient expression of zebrafish siae in COS7 cells demonstrates the existence of two protein bands detectable in Westernblot, the first and less intense with a molecular weight of about 55 kDa and corresponding to the mature protein chimera without the N-terminus signal peptide (MLTPVFSSLVLSAFATVLSA-) and bearing the myc epitope (-EQKLISEEDL) at the C-terminus, the second and more abundant with a higher mass of about 66 kDa. Interestingly, as already demonstrated in the case of the human counterpart (Orizio et al. 2015) , only the 66 kDa form of Siae is detectable in culture media. In addition, treatment with tunicamycin demonstrates that the observed increase of Siae molecular weight is due to N-glycosylation and that this posttranslational modification is essential for the enzyme release in the extracellular space. These results are further confirmed by the subcellular localization of Siae. At least in COS7 cells, the zebrafish protein colocalizes with PDI (ER) and GM130 (Golgi apparatus) as expected for a protein released in the culture media along the classical secretory pathway (Mellman and Warren 2000; Farhan and Rabouille 2011; Spang 2009 ). Intriguingly, the localization of Siae in the Golgi stacks where also sialic acid O-acetyltransferase is localized (Baumann et al. 2015) suggests that these two enzymes could compete in the regulation/fine tuning of sialic acid acetylation within the organelle. Nevertheless, more than 90% of the total enzyme produced by transfected COS7 cells is recovered into the culture media supporting the notion that Siae exerts its enzyme activity mainly on extracellular substrates. Concerning the Siae kinetic parameters, namely Vmax and Km, the values obtained using the artificial substrate pNPA are 14.551 ± 3.361 mU/mg and 0.129 ± 0.0096 mM, respectively, with a pH optimum of 8.7. These results are comparable to those obtained in studies carried out on mammalian SIAE (Schauer et al. 1988; Higa et al. 1989; Schauer and Shukla 2008) . Moreover, the reduced enzymatic activity measured in the media after tunicamycin treatment roughly correlates with the reduction of the 66 kDa band intensity detected by Western-blot. Nevertheless, the significant reduction in the intensity of the high molecular band observed in cell extracts after tunicamycin treatment is not accompanied by a similar reduction in enzymatic activity. These findings suggest that the blocking/reduction of Siae N-glycosylation does not abolish the enzyme activity, at least using pNA as substrate. Taken together, these data point out that Siae undergoes N-glycosylation processing from the 55 kDa to the 66 kDa form, and glycosylation is required for its secretion.
In situ hybridization data from the Atlas Database for Mouse Embryo, generated by the EURExpress Consortium (Diez-Roux et al. 2011) indicate that Siae is expressed in mouse embryos at 14.5 days after fertilization in the basal plate and the ventricular layer of the developing nervous system. Accordingly, in zebrafish siae is expressed in the anterior part of midbrain ( Fig. 1 G, H) which corresponds to the basal plate region in mouse. Expression in the adult mouse brain has also been demonstrated by Northern-blot analysis (Guimaraes et al. 1996) . SIAE homozygous mutant mice have been generated and found to be viable (Cariappa et al. 2009 ) ). However, a detailed analysis has been carried out mainly on the immune system of the animals, leaving unanswered the questions about the biological role of this enzyme in both the developing and the adult CNS of vertebrates. Although the two different Siae-deficient mouse generated lack a clear immune phenotype, several studies provide links between rare sequence variants human SIAE and autoimmune disease. In this contest the expression of siae in the pronephritic ducts of zebrafish is intriguing, considering that B cell lymphopoiesis in teleosts appears and occurs mainly in the kidney (Fillatreau et al. 2013) . Zebrafish has recently emerged as a complementary vertebrate model for unraveling the molecular mechanisms that regulate the function of immune cells, as well as for the study of diseases caused by infection or by defects in the immune system, such as chronic inflammatory disorders and autoimmune disease (Iwanami 2014) .In this perspective, our study suggest zebrafish as a suitable model to better understand the possible role played by siae in immune system development and autoimmune response (Pillai 2013) in lower vertebrates.
In D. rerio several studies have been carried out on sialic acid(s) and the enzymes/protein(s) involved in its metabolism, modification and recognition. The analysis of zebrafish glycome, for example, demonstrates the presence of Neu5Ac/Neu5Gc in both glycoprotein antennae and glycolipids (Guerardel et al. 2006) . A more detailed study carried out during zebrafish embryogenesis demonstrates a regulation of oligosialylation in both glycoproteins and glycolipids (Chang, Harduin-Lepers, et al. 2009 ). For example, α(2-8) linked oligo-sialic acids motifs are detectable along zebrafish development and differently regulated in glycans of the two glycoconjugate families. Accordingly, a study on D. rerio α(2-8)-sialyltransferases (ST8Sia) reveals six orthologues of the human counterparts with distinct and partial overlapping expression patterns in the embryo CNS, strongly supporting an important role of α(2-8)-sialylated glycans in the development of nervous system (Chang, Mir, et al. 2009 ). In addition, two CMP-sialic acid synthetase (CMAS) paralogues with different expression pattern, activities and subcellular localization, namely cytosolic and nuclear, have been described in zebrafish (Schaper et al. 2012) . The removal of sialic acids from glycans require sialidases and these enzymes have been identified and characterized in zebrafish, revealing the presence of seven different genes related to four human sialidases (Manzoni et al. 2007 ). In zebrafish, as well as in fugu (Takifugu rubripes), medaka (Oryzias latipes) and other teleosts, neural cell adhesion molecules (NCAMs) have been found and characterized (Lehmann et al. 2004 ). These proteins are encoded by two genes and contain in their glycan portions polysialic acid (polySia or PSA) (Langhauser et al. 2012) . The complex spatial and temporal interplay between the two NCAMs is involved in the guidance and fasciculation of different axon population during the development of zebrafish nervous system. In agreement with these results, PSA synthesis and attachment to NCAM play a pivotal role for the modulation of the protein activity and, therefore, in CNS development, plasticity and function (Rieger et al. 2008) . In particular, the two polysialyltransferases involved in PSA synthesis on NCAMs, Stx (St8sia2) and Pst (St8sia4), are differentially expressed during zebrafish development and likely involved in the various functions played by PSA-NCAM on neuron biology. In this perspective, it is tempting to speculate that siae expression during CNS development and its action toward acetylated sialic acid residues might contribute to the establishment of the brain's complex architecture.
Intriguingly, no direct evidence of sialic acid acetylation has been produced in D. rerio, so far. Nevertheless, in several species belonging to Salmonidae family 4-, 7-and 9-O-acetylated forms of N-glycolyl sialic acid and 9-O-acetylated form of deaminated sialic acid have been found in glycoproteins isolated from unfertilized eggs (Iwasaki et al. 1990) . External sialic acid is O-acetylated at position C-9 on ganglioside GT3 extracted from Theraga chalcogramma (cod fish) brain (Waki et al. 1993) and O-acetylation of the terminal acidic sugar is detectable in N-glycans isolated from Salmo salar (Atlantic salmon) serum and the pattern is altered by long term handling stress (Liu et al. 2008; Jayo et al. 2012 ). Finally, a search of SIAE and CASD1 genes in the NCBI Gene database revealed the presence of 193 and 228 entries, respectively, covering all the systematic groups belonging to Metazoa (May/June 2017 search). Among them, roughly 18% are found in fishes, from cartilaginous to bony fish, demonstrating the biological relevance of the enzymes involved in sialic acid acetylation in early vertebrates.
Overall, our genomic and transcriptomic analyses as well as the biochemical and cellular characterization we performed on siae indicate that zebrafish represents as a suitable model to better understand the biological role of this gene in vertebrates, regarding immune system function and the development of CNS.
Materials and methods

Bioinformatic analysis
Zebrafish genomic sequences were analyzed using the University of California Santa Cruz (UCSC) Genome Browser (http://genome. ucsc.edu/) on the Zv10 (Sept 2014) D. rerio assembly and the Ensembl zebrafish genome database (http://www.ensembl.org/ Danio_rerio/Info/Index).
Synteny analysis was achieved using the Synteny Database (Catchen et al. 2009 ). Nucleotide and amino acid sequences were compared to the nonredundant sequences present at the NCBI (National Center for Biotechnology Information) using the Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990 ). Multiple sequences alignment was performed using the Clustal Omega algorithm (Sievers et al. 2011) .
Zebrafish maintenance and stocks
Zebrafish were maintained and used following protocols approved by the Local Committee (OBPA) (n°211B5-10). Wild-type zebrafish AB strain was used for all experiments and kept in tanks containing 3-5 litres of water at 28°C on 14 h light/10 h dark cycle (Westerfield 2007) . Adult zebrafish were bred by natural crosses and collected embryos were staged according to Kimmel et al. (Kimmel et al. 1995) . Embryos were raised at 28°C in fish water (0.1 g/L Instant Ocean Sea Salts, 0.1 g/L sodium bicarbonate, 0.19 g/L calcium sulfate, 0.2 mg/L methylene blue, H 2 O) until the desired developmental stage was reached. Beginning from 24 hpf, embryos were cultured in fish water containing 0.003% 1-phenyl-2-thiourea (PTU) to prevent pigmentation.
RNA extraction, cDNA preparation, quantitative PCR (QPCR) and expression analysis
Expression level of siae was assessed in seven adult tissues using qPCR on cDNA pools of three individuals. Briefly, total RNA was extracted from several organs (brain, heart, ovary, eyes, muscles, kidney and liver) using TRI-Reagent (Sigma) as described above. RNA was quantified using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc.) and quality control was performed by electrophoretic separation on agarose gel. The extracted RNA was used for reverse transcription from 1 μg of total RNA using GoScript ® Reverse Transcription System (Promega) and oligo (dT) primers following the manufacturer's protocol. The resulting cDNA tissue samples were quantified using Qubit dsDNA HS assay kit on Qubit 2.0 fluorometer (Invitrogen). qPCR assay was performed with KAPA SYBER FAST qPCR Master Mix ROX Low kit (KAPABIOSYSTEMs) using five ng of cDNA. Each tissue was evaluated for the expression of siae and two housekeeping genes, namely β-actin 2 (βactin2) and elongation factor 1-alpha (EF1α), in triplicate reactions [siae: forward 5′AGAAGTGTGGGTTGAAGAGC3′ reverse 5′GTTTGCATTAGCCTCACCTTG3′; βactin2: forward 5′ TGCTCCCCGAGCTGTCT3′ reverse 5′ACCAACCATGACACCC TGATG3′; EF1α: forward 5′CCACGTCGACTCCGGAAA3′ reverse 5′CGATTCCACCGCATTTGTAGA3′]. Relative expression levels were calculated according to ΔΔCt method, using geometric mean of housekeeping genes measurements. Heart tissue was used as calibrator, since it shows the lowest expression level among the selected tissues. Fold-change of each tissue is reported in figure s2.
Riboprobes synthesis and WISH
A 917 bp region of the siae coding sequence from exon 5 to exon 10 was amplified by RT-PCR from ovary cDNA with siae-1F and siae-1R primers. The amplification product was purified and cloned in the pGEM-T Easy vector (Promega). E. coli DH5α bacterial colonies containing the cloned insert were selected using a PCR-based strategy and sequence verified. Antisense and sense (control) RNA probes for WISH were synthesized starting from 2 μg of recombinant plasmid DNA and linearized with a suitable restriction enzyme cutting to the 3′ side of the insert. In vitro transcription was performed either with T7 or SP6 RNA polymerase in the presence of digoxigenin-UTP using the DIG RNA Labeling Kit (Roche) according to manufacturer's protocol. 500 ng of RNA probe were added to 500 μL of hybridization mix (Thisse and Thisse 2008) and used for in situ hybridization.
Zebrafish embryos were collected at different stages of development. WISH was performed as previously described (Thisse and Thisse 2008) . Embryos and larvae were collected, dechorionated and incubated at 28°C at different developmental stages. Embryos were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, dehydrated through an ascending methanol series and stored at −20°C. After treatment with proteinase K (10 μg/mL, Roche), the embryos were hybridized overnight at 68°C with DIG-labeled antisense or sense RNA probes (300 ng/μL). After a series of washes to remove the probe in excess, the embryos were incubated overnight at 4°C with the anti-DIG (1:10,000) antibody (Roche). After washes, the staining was performed with NBT/BCIP alkaline phosphatase substrates (blue staining solution, Roche). Finally, embryos were fixed in 4% (w/v) paraformaldehyde in 1× PBS, stored at 4°C in H 2 O and mounted in agarose-coated dishes. WISH images were taken with a Leica MZ16F stereomicroscope equipped with DFC 480 digital camera and LAS Leica Imaging Software (Leica). Magnification 50×, 63× and 80×.
Generation of a siae gene expression construct
The complete zebrafish siae coding sequence (NM_001,044,331.1) has been amplified by RT-PCR from zebrafish ovarian cDNA using PrimeSTAR Max DNA Polymerase (TaKaRa) using primers siae-2F (5′-CGGAATTCCCACCatgttgacaccggtgttttcctc) and siae-2R (5′-CGGTCGACCgaatactgttgttggtctctgg). A PCR product of the expected size was cloned in pMT21 vector to generate a pMT21-Siae recombinant construct. Cloning was performed by exploiting the presence of EcoRI and SalI restriction sites in the siae-2F and siae-2R oligonucleotides, respectively. The siae-2F forward primer also contained a Kozak consensus sequence 5′ to the ATG translation initiation codon of the gene. The siae-2R reverse primer was designed with SalI restriction site in frame with myc-tag of pMT21 vector and without the siae gene natural stop codon to allow the production of a recombinant Siae bearing the myc-tag at the C-terminus.
Siae expression in COS7 cells and tunicamycin treatment COS7 cells (cell line obtained from ATCC) were cultured in Dulbecco's modified Eagle's medium (Gibco) containing 4 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 10% (v/v) fetal bovine serum and were maintained at 37°C and 5% CO 2 in a humidified incubator. Cells were seeded in 60 mm diameter Petri dishes and transfected when sub confluent with 3 μg pMT21-Siae employing 9 μL FuGENE HD (Promega) in 2 mL serum-free medium (OptiMEM, Gibco). Media and cells were collected after 48 h. For immunofluorescence, cells were seeded on glass coverslips and after 24 h transfected with 0.2 μg pMT21-Siae with FuGENE HD:DNA ratio of 3:1.
Tunicamycin treatment was performed 24 h posttransfection by adding tunicamycin (Sigma, 2 μg/mL final concentration) to cell media. Media and cells were collected after further 24 h.
Protein quantification and Siae enzymatic assay
Cells pellets were resuspended in 300 μL PBS supplemented with protease inhibitors (Protease Inhibitor Cocktail, Roche), mild sonicated (three 10″ pulses, minimum power [20%] using a Bandelin Electronic Sonoplus sonicator), and kept at 4°C to preserve enzymatic activity. Protein concentration was determined by Coomassie Protein Assay Reagent (Sigma) according to manufacturer's manual. Siae enzymatic activity was evaluated using 5 μg total cell lysate or 15 μL media according to Orizio et al. (Orizio et al. 2015) with the general esterase artificial substrate 4-nitrophenyl acetate (pNPA). Enzymatic assay was performed in 200 μL of 0.1 M citrate buffer or 0.1 M phosphate buffer at different pH ranging from 3.0 to 5.7 and from 6.0 to 9.0, respectively, in presence of 0.58 mM pNPA. The kinetic parameters of siae were determined at pH optimum 8.7, using pNPA concentrations ranging from 0 to 1.16 mM. After 30 minutes at 25°C, the release of 4-nitrophenol (pNP, extinction coefficient 18.5 mM −1 cm −1
) was measured at 405 nm using an ELISA plate reader (Scientific Technology, Inc.). Enzymatic activity was expressed as nmol/min (mU)/mg and mU/mL for cell lysates and media, respectively.
Western-blot analysis
A 20 μg of protein samples and 20 μL of culture media were separated by SDS/10% PAGE and transferred to a Hybond-P PVDF membrane (ThermoFisher). Membranes were blocked in 0.1% PBS-Tween (PBS-T) containing 5% milk. The following primary antibodies prepared in 0.1% PBS-T containing 1% milk were used: rabbit-anti-myc (Sigma, 1:500), rabbit-anti-caveolin (Sigma, 1:8000). Immunocomplexes were detected using anti-rabbit HRP (horseradish peroxidase)-conjugated secondary antibodies (Santa Cruz Biotechnology), and an Enhanced Chemiluminescence-based system (Santa Cruz Biotechnology). Molecular weight was calculated with Gel-Pro Analyzer software (Media Cybernetics) using P7709S (NEB) as protein ladder.
Indirect immunofluorescence analysis
About 48 h after transfection, COS7 cells were fixed with 3% PFA in PBS, quenched with 50 mM NH 4 Cl in PBS, and permeabilized with 0.25% saponin in PBS (saponin/PBS). The following primary antibodies diluted in 0.25% saponin/PBS were used: rabbit-anti-myc (Sigma, 1:300) in combination with mouse-anti-LAMP1 (BD, 1:300), or mouse-anti-PDI (Stressgen, 1:400), or mouse-anti-GM130 (BD, 1:300). Donkey-anti-rabbit Alexa-555 and donkey-anti-mouse Alexa-488 (Molecular Probes and Invitrogen, respectively) were used as secondary antibodies diluted (1:400) in 0.25% saponin/PBS together with DAPI (1:600). Finally, coverslips were mounted with Dako Cytomation Fluorescent Mounting Medium (Dako) and analyzed using the confocal laser system LSM-510 META (Carl Zeiss). Images were processed with ZEN2009 (Carl Zeiss) and Adobe Photoshop software (Adobe).
